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ABSTRACT

This investigation evaluated mammary cell loss and
replacement during lactation and the impact of admin-
istration of bST on these processes. During lactation,
a gradual decrease in number of mammary epithelial
cells within the mammary glands occurs and largely
accounts for the decline in milk production with advanc-
ing lactation. This decrease is not appreciably impacted
by the loss of viable epithelial cells in milk. Rather,
the net decline in cell number (∼50% during the entire
lactation) results from continual death by apoptosis.
Accompanying the decline in mammary cell number by
apoptosis is a degree of cell renewal. Approximately
0.3% of mammary cells in lactating, nonpregnant cows
were labeled by a 24-h in vivo treatment with the thymi-
dine analog, bromodeoxyuridine. During the entire lac-
tation, the number of new cells amounts to approxi-
mately 50% of the number of cells initially present. By
the end of lactation, most cells present in the mammary
gland were formed after calving. Increasing cell replace-
ment or decreasing apoptosis during lactation may pro-
vide a means to increase persistency of lactation. In-
deed, administration of bST to Holstein cows during
midlactation increased the proportion of mammary epi-
thelial cells expressing the nuclear proliferation anti-
gen, Ki-67, from 0.5 to 1.6%. Bovine somatotropin ap-
pears to increase the rate of cell renewal in the lactating
mammary gland. Knowledge of molecular regulation of
apoptosis and cell proliferation should provide a means
to modulate cell turnover in the mammary gland. A
change in the ratio of epithelial proliferation to cell
death during lactation will affect the persistency of lac-
tation.
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INTRODUCTION

Milk yield and the shape of the lactation curve are
determined by the number of mammary secretory cells
and the secretory activity per cell. Most mammary
growth occurs during pregnancy, and in some species
considerable growth occurs during early lactation (An-
derson, 1974; Tucker, 1981). In dairy goats, mammary
growth and differentiation during early lactation ac-
count for increasing milk yield during the ascending
portion of the lactation curve, whereas after peak lacta-
tion, loss of mammary cells largely accounts for declin-
ing milk yield (Knight and Peaker, 1984). In contrast,
declining milk yield during extended lactation in rats
is primarily due to reduced secretory capacity per cell
(Knight et al., 1984). For dairy cows, cell proliferation
and death during lactation has not been evaluated, nor
has the relationship between milk yield, cell number,
and secretory activity per cell. Although a decline in
mammary cell number during lactation must at least
partially account for the decline in milk yield after peak
(Capuco et al., 1997), it remains to be determined
whether significant cell turnover occurs during lacta-
tion. Although there is little cell turnover during lacta-
tion in rats (Pitkow et al., 1972), the bovine lactation
is markedly longer and may not be at all comparable
with regard to cell kinetics.

During the past 40 yr, selective breeding has pro-
duced dramatic gains in the quantity of milk produced
per dairy cow. This gain can be attributed to increased
peak milk yield, without proportional increases in the
persistency of lactation, i.e., reduction in slope of the
declining phase of the lactation curve. However, if per-
sistency of lactation could be increased, considerable
benefits would accrue to the dairyman. By lengthening
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lactation, a smaller portion of the cow’s life would be
spent during the periparturient period with its in-
creased health risks and associated costs, and reproduc-
tive efficiency could be increased by delayed breeding
and by the potential use of sexed semen for AI in order
to more closely match the herds needs for replacement
heifers. Management schemes that improve mainte-
nance of mammary cell number will certainly increase
persistency. Indeed, although the mechanisms are un-
certain, recent data indicate that bST increases persis-
tency of lactation (Bauman et al., 1999; Van Amburgh
et al., 1997).

The objectives of the present investigation were: 1)
to determine whether the decline in milk production
during advancing lactation is due to a decline in cell
number or cell activity, 2) to evaluate cell proliferation
and apoptosis during a bovine lactation, and 3) to assess
the impact of bST on mammary cell proliferation and
apoptosis during lactation.

MATERIALS AND METHODS

Cows and Experimental Design

Experiment 1. Twenty multiparous, nonpregnant,
clinically normal, lactating Holstein cows from the
dairy herd of the Beltsville Agricultural Research Cen-
ter were used. Cows were housed in tie stalls with 12
h of light/d and were milked twice daily at 0700 and
0600 h. Cows were fed a TMR to provide 100% of NRC
requirements daily at 0900 h. Feed consumption was
monitored daily by weighing feed offered and orts. Four
to six cows were slaughtered at each of four stages of
lactation. These stages were 14 (four cows), 90 (five
cows), 120 (six cows), and 240 d (5 cows) of lactation.
Beginning 3 wk before slaughter, foremilk samples
were collected aseptically once weekly to assess bacteri-
ological status and SCC. All cows were free of clinical
signs of mastitis and had four functional quarters. Five
cows harbored subclinical infections in one or two quar-
ters. Six quarters were subclinically infected with coag-
ulase-negative staphylococci, and one quarter was sub-
clinically infected with Staphylococcus aureus. SCC of
subclinically infected quarters was <500 × 103. Average
SCC for all quarters of all cows was 52,000 cells/ml
(two samples before slaughter for 14 d group and three
weekly samples for all other groups).

All cows, except for those at 14 d of lactation, were
synchronized with two injections of prostaglandin F2α

(Lutalyse, The Upjohn Co., Kalamazoo, MI) 14 d apart.
Cows were killed 14 d after the second injection during
the luteal phase. Before slaughter, each cow received
four injections of bromodeoxyuridine (BrdU; Sigma
Chemical Co., St. Louis, MO) during a 24-h period, via
indwelling jugular catheter. BrdU was administered
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at a dosage of 2.25 mg/kg of BW per injection at a
concentration of 20 mg/ml of 0.9% saline, pH 8.2. Dose
of BrdU was based upon previous dose response data
(Yanai et al., 1996). Injections were 7.5 h apart so that
time between first and last BrdU injections was 22.5
h. Cows were killed 1 to 2 h after the final injection of
BrdU. This is subsequently referred to as a 24-h BrdU
treatment period.

Experiment 2. Effects of bST administration on cell
proliferation and programmed cell death (apoptosis)
were evaluated in lactating mammary tissues from
cows that were treated with bST under conditions of
differing energy balance. Cows and experimental proto-
col were the same as those described previously (Capuco
et al., 2001). Twelve primiparous Holstein cows were
paired based on milk production, and randomly as-
signed to be fed ad libitum or a restricted intake (80%
of their ad libitum intake). Cows in each dietary intake
group were randomly assigned to receive daily subcuta-
neous injections of bST (sometribove, 40 mg/d; provided
by Monsanto Co., St. Louis, MO) or vehicle for 7-d peri-
ods according to a crossover design. There was a 14-d
ad libitum feeding period before initiation of treatment
and between treatment periods. Thus, all cows under-
went a bST and a control period. Cows were housed in
tie stalls with 12 h of light/d and were milked twice
daily.

Use of animals for these investigations was approved
by the Beltsville Agricultural Research Center’s Animal
Care and Use Committee.

Tissue Samples

Experiment 1. At slaughter, the udder was removed,
trimmed of extraparenchymal tissue, and separated
into right and left halves. Each udder half was weighed
and parenchyma samples were collected from left front
and rear quarters. However, right quarters of three
cows were sampled because subclinical infections with
elevated SCC were found in left quarters. Tissue was
placed in Medium 199 (Gibco BRL, Grand Island, NY)
and transported to the laboratory for incubation with
3H-thymidine. Tissue samples for quantitation of DNA
and RNA were frozen immediately in liquid nitrogen
and stored at −80°C until assay. Mammary tissue sam-
ples for immunohistochemistry were fixed overnight in
10% neutral buffered formalin at 4°C and then stored
in 70% ethanol until further processing. Tissues were
then dehydrated and embedded in paraffin according
to standard techniques and sectioned at 6-µm onto sila-
nated slides.

Experiment 2. Mammary biopsies were obtained on
the last day (d 7) of each treatment period. Biopsies
were taken from rear quarters using a tool designed to
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obtain a core of mammary parenechyma (Farr et al.,
1996). Tissues were fixed in 10% neutral buffered for-
malin overnight at 4 C and transferred to 70% ethanol
until further processing. Tissues were then dehydrated
and embedded in paraffin according to standard tech-
niques and sectioned at 6-µm onto silanated slides.

Immunohistochemistry

BrdU and Ki-67 localization. Slides were deparaf-
finized in xylene and hydrated in a graded series of
ethanol. Tissue sections were quenched with 3% H2O2
in Dulbecco’s PBS (pH 7.4) for 10 min and then washed
in PBS (3 × 2 min). Microwave antigen retrieval was
then used (Shi et al., 1991). Slides were heated in a
microwave at high power (650W) in 400 ml of 10 mM
citrate buffer (pH 6.0) in a covered glass staining dish
for 5 min, remained undisturbed for 5 min, and then
were microwaved for an additional 5 min. Slides re-
mained in the buffer for a 30-min cooling period. They
were then washed in PBS (3 × 2 min) and blocked with
5% nonimmune goat serum in PBS (30 min) before his-
tochemical localization of BrdU or Ki-67 antigen.

Immunolocalization of BrdU-labeled cells was essen-
tially as described previously (Garrett and Guthrie,
1998). After blocking with nonimmune goat serum,
slides were incubated with BrdU monoclonal antibody
(clone BMC 9318, Boehringer Mannheim) overnight at
4°C. Antibody concentration was 2 µg/ml in PBS con-
taining 1% normal goat serum. Slides were then washed
in PBS (3 × 5 min). A 1:200 dilution of goat anti-mouse
IgG (Sternberger Monoclonals Inc. Lutherville, MD)
was prepared in PBS containing 1% normal goat serum
and 2% normal calf serum and incubated for 30 min at
room temperature. Slides were then incubated with the
adsorbed second antibody for 30 min at room tempera-
ture. They were washed in PBS (3 × 5 min) and then
incubated with mouse peroxidase-anti-peroxidase
(mouse clonoPAP, Sternberger Monoclonals, Inc.), at a
dilution of 1:200 in PBS containing 1% normal goat
serum, for 30 min at room temperature. After washing
in PBS (3 × 5 min), sections were incubated with the
chromagen, diaminobenzidine. Slides were washed
with distilled H2O, and tissue sections were counter-
stained with hematoxylin, dehydrated, and mounted
with Permaslip (Alban Scientific Inc., St. Louis, MO).

After quenching with H2O2, microwave antigen re-
trieval and blocking with 5% nonimmune goat serum
as described above, staining Ki-67 antigen utilized the
MIB-1 monoclonal antibody (prediluted MIB-1, Zymed
Laboratories, San Francisco, CA) and Histostain SP
kit (Zymed). The slides were incubated with primary
antibody for 60 min at room temperature and then
washed in PBS (3 × 5 min). Slides were then incubated
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for 10 min at room temperature with biotinylated sec-
ond antibody and washed in PBS (3 × 2 min). Slides were
then incubated with steptavidin-peroxidase-conjugate
for 10 min at room temperature. After washing in PBS
(3 × 5 min), sections were incubated with diaminobenzi-
dine. Slides were washed with distilled H2O, sections
counterstained with hematoxylin, dehydrated, and
then mounted with Permaslip.

Terminal deoxynucleotidyl transferase dUTP
nick end labeling. In situ detection of apoptotic cells
utilized terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) to visualize cells that exhib-
ited endonucleolytic degradation of DNA, a key feature
of apoptotic cells. A commercial kit (Apotag kit, Oncor,
Gaithersburg, MD) was used. After deparaffinization
and hydration, slides were incubated with proteinase
K (20 µg/ml of PBS, Oncor). The manufacturer’s recom-
mended protocol was used. Sections were counter-
stained with methyl green and mounted with Per-
maslip.

Quantitation of immunohistochemistry. Tissue
sections were viewed by light microscopy to quantify
BrdU-labeled cells, Ki-67 antigen expressing cells, and
apoptotic cells. For each tissue section, 10 microscopic
fields were quantified. A field was selected under low
power and slightly out of focus, then the objective was
switched to higher power and the cells within an 8 × 8
grid were counted at 500× magnification. For experi-
ment 1, a single section from the left rear and one from
the left front quarters were evaluated per cow. At least
1500 cells were counted per section, 3000 cells per cow.
For experiment 2, one section per cow was evaluated
during the control and the bST treatment periods. At
least 1500 cells were evaluated per section.

3H-Thymidine Incorporation

Mammary tissue from cows in experiment 1 was
sliced with a Stadie-Riggs hand microtome (Arthur H.
Thomas Co., Philadelphia, PA). Triplicate slices (∼150
mg) from front and rear glands were each incubated in
3 ml of Medium 199 containing 1 µCi of 3H-thymidine/
ml. Incubation was for 2 h at 37 C in a shaking water
bath, under an atmosphere of 5% CO2 and 95% O2.
After incubation, tissues were rinsed in 0.9% saline and
frozen at −20°C until quantification of incorporation.
Tissue slices were homogenized in saline, precipitated
with trichloroacetic acid, and radioactivity determined
by liquid scintillation spectroscopy, as described pre-
viously (Capuco and Akers, 1990).

DNA and RNA Analyses

To quantify nucleic acids, mammary tissue was ho-
mogenized (1:15 wt/vol) in DNA assay buffer (50 mM
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Na2PO4, 2 M NaCl, 2 mM Na2EDTA) with a Tekmar
Homogenizer (Tekmar, Cincinnati, OH). DNA was
quantified using the Hoechst 33258 dye binding (La-
barca and Paigen, 1980). Five-microliter aliquots of
sample homogenates were transferred to a 96-well mi-
croplate. Then 195 µl of DNA assay buffer containing
Hoechst dye [99.8 ml of DNA assay buffer + 200 µl of
dye solution (1 µg of Hoechst 33258 dye/µl of distilled
water)] was added to each sample. A standard curve
containing 0 to 2 µg of calf thymus DNA per well was
prepared. Fluorescence was read with a Bio-Tek FL600
plate reader with 360/460 nm filter set (Bio-Tek Instru-
ments, Inc., Winooski, VT).

RNA was determined by ultraviolet absorbance. A
0.5-ml aliquot of the above mammary homogenate was
diluted with an equal volume of phosphate buffer to
which 0.33 ml of ice-cold 1.2 N perchloric acid (PCA)
was added, and tubes were kept on ice for 10 min.
After centrifugation at 3600 × g for 15 min at 4 C, the
supernatant was discarded. The pellet was washed by
resuspension in 0.75 ml of 0.2 N PCA and centrifugation
at 3600 × g for 15 min at 4°C. The pellet was washed
two additional times with 0.4 ml of 0.2 N PCA; after
which it was suspended in 1 ml of 0.3 N PCA and
incubated at 37° for 60 min, with periodic vortexing.
Tubes were then incubated on ice for 10 min after the
addition of 0.67 ml of ice-cold 1.2 N PCA. Samples were
centrifuged at 3600 × g for 15 min at 4°C and superna-
tant collected. The pellet was washed 3 times with 0.34
ml of 0.2 N PCA, and all supernatants were combined.
A portion of the collected supernatants was diluted, and
absorbance was measured at 260 and 232 nm with a
Beckman DU 650 (Beckman Instruments, Inc., Fuller-
ton, CA).

Bacteriology and SCC

Foremilk samples were collected aseptically for bac-
teriological analysis and to determine milk SCC. Teats
were cleaned with ethanol and milk samples for bacteri-
ology were collected midstream during the second ex-
pulsion of milk. Approximately 20 ml of foremilk was
then collected for determination of SCC. For experiment
1, foremilk samples were obtained periodically through-
out the study. Three samples were obtained during the
final 2 wk and the final sample on the day of slaughter.
In experiment 2, foremilk samples were obtained at the
start of the experiment and on the time of each biopsy.
Milk samples were cultured on tryptose-blood agar
plates containing washed bovine red blood cells and
esculin. Plates were incubated at 37°C for 48 h and
examined to determine their bacteriological status (Na-
tional Mastitis Council, 1981). Milk SCC of each sample
was determined with a Fossomatic 90 somatic cell
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counter (Foss Electric, Hillerød, Denmark). The cell
counter was calibrated monthly with bovine milk SCC
standards (Dairy Quality Control Institute Services,
Mountain View, MN). Duplicate counts were made on
each milk sample.

Growth Curves

Curves predicting the DNA content during lactation
and the accumulated cell proliferation and cell death
were generated based upon daily rates of cell prolifera-
tion and death estimated in experiment 1. The DNA
content or cell number (N) on a given day is described
by the following exponential equation, where N0 = cell
number on d 0:

N = N0 ∗ e (daily rate of proliferation − daily rate of cell death) ∗ day.

This can also be closely approximated by the following
equation, where R = 1 + (daily rate of proliferation −
daily rate of death) and N0 = cell number on d 0:

N = N0 ∗ Rday.

The accumulated number of cells (or DNA) that have
proliferated until a given day is described by the follow-
ing collection function, where P0 = N0 * daily rate of pro-
liferation:

Accumulated Cell Proliferation = ∑
day

0

P0 ∗ Rday.

Similarly, the accumulated loss of cells (or DNA) until
a given day is described by the following collection func-
tion, where L0 = N0 ∗ daily rate of cell death:

Accumulated Cell Loss = ∑
day

0

L0 * R day.

Statistical Analyses

Data in experiment 1 were analyzed using a one-way
ANOVA. Data in experiment 2 were analyzed using a
two-way ANOVA with repeated measures. Bonferroni’s
multiple comparison test was used for post ANOVA
comparisons (Prism, version 3; GraphPad Software,
Inc., San Diego, CA).

RESULTS AND DISCUSSION

Experiment 1

Multiparous Holstein cows used in experiment 1 av-
eraged 11,876 kg of milk during lactation (305 d) and
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Table 1. Relationship between stage of lactation, total mammary and epithelial cell number, and secretory
activity per cell.

Day of Lactation

14 90 120 240 SE1

N 4 5 6 5
Body weight, kg2 727a 628a,b 572b 706a 37
Lactation number 4.0a 2.6a 3.33a 3.6a 0.81
Lactation yield, kg3 11,612a 11,267a 11,381a 12,977a 1395
Milk, kg/d4 39.9a,b 47.3a 44.6a 36.5b 2.1
Parenchyma, kg5 27.3a 24.2a 23.3a 23.1a 1.7
Total DNA, g5 96.4a 68.9b 64.1b 58.1b 6.7
RNA/DNA 1.14b 1.69a,b 1.35b 2.05a 0.15
% Epithelium 72.9b 79.4a 73.6b 72.8b 1.5
Epithelial DNA, g5,6 70.5a 52.9b 50.7b 42.2b 5.2
Milk, kg/d * g total DNA5 0.42b 0.74a 0.67a 0.66a,b 0.06
Milk, kg/d * g epithelial DNA5 0.58b 0.93a 0.90a 0.90a 0.19

a,b,cMeans without a common superscript differ (P < 0.05).
1SE appropriate for n = 4.
2Body weight per cow was the average of weights on the day of slaughter and 2 to 4 d earlier.
3Milk production (305 d) for current lactation, or previous lactation of the 14-d group.
4Average milk yield for 7 d preceding slaughter.
5Measures for the entire udder.
6Estimated for each cow as the total DNA times the average epithelial percentage for the group.

were on average in their third lactation (Table 1). Cows
that were slaughtered at 14, 90, 120, or 240 d of lacta-
tion did not differ with regard to production level or
lactation number (P > 0.05). As expected, daily milk
yield was greatest at 90 d and was lowest at 240 d
(P < 0.05). Total number of mammary cells, i.e., total
parenchymal DNA, was greatest at 14 d of lactation
and declined to a low at 240 d (P < 0.05). The RNA/
DNA ratio was not positively correlated with milk yield
and was greatest at 240 d of lactation (P < 0.05). Al-
though unexplained, a similar increase in RNA/DNA
was observed during late lactation in goats (Knight and
Peaker, 1984). During early lactation (14 d), mammary
cell number was at its peak, whereas milk yield per
cell and RNA/DNA ratio were at their lowest (P < 0.05).
Thereafter, milk yield per unit of mammary DNA re-
mained constant during lactation (P > 0.05). The propor-
tion of epithelial cells in mammary tissue was influ-
enced by stage of lactation (P = 0.008). Quantitative
histological analysis showed that the proportion of epi-
thelial cells was low at 14 d, peaked at 90 d of lactation
and then declined. Mean epithelial percentages at each
stage of lactation were used to estimate DNA of epithe-
lial origin. Number of epithelial cells (epithelial DNA)
was greatest during early lactation and declined with
advancing lactation (P = 0.007). Milk yield per epithelial
cell increased from early to peak lactation (P < 0.05)
and then remained constant with advancing lactation
(P > 0.05).

The increase in milk yield until peak lactation ap-
peared due to continued differentiation of the mam-
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mary epithelium, rather than an increase in number of
secretory cells, whereas the decline in milk production
after peak lactation was attributable to loss in number
of secretory cells, rather than loss in secretory activity
per cell. Milk yield declined 23% from peak production
at 90 d, and mammary DNA (total or epithelial) de-
clined 17% from 90 to 240 d, and 40% from peak paren-
chymal DNA at 14 d to a low at 240 d. These data are
in general agreement with the demonstration that the
primary factor contributing to declining milk yield dur-
ing lactation in goats is a decrease in mammary cell
number (Knight and Peaker, 1984). It is important to
realize that the current data pertain to nonpregnant
multiparous cows. When cows are concomitantly lactat-
ing and pregnant, it is likely that a decline in secretory
capacity per mammary cell accompanies advanced
pregnancy, due to the conflicting metabolic demands of
gestation and lactation. Indeed, this is readily apparent
during late pregnancy, when the number of mammary
epithelial cells actually increases simultaneous with a
rapid decline in milk production (Capuco et al., 1997).

To evaluate changes in the size of a cell population
and the extent of cell turnover in that population, it is
necessary to quantify rates of cell proliferation and cell
death. Cell number is a function of the relative rates of
cell proliferation and cell death. The mammary gland
grows when the rate of proliferation exceeds the rate
of cell death, and it regresses when the rate of cell death
exceeds the rate of cell proliferation. When the rates of
proliferation and death are equal, the mammary gland
remains in a steady state with respect to cell number.
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Regardless of the net change in cell number, a popula-
tion may undergo varying degrees of cell replacement,
or turnover (Figure 1). The extent of cell turnover is
determined by the absolute rates of proliferation and
cell death, processes that are very difficult to quantify
in vivo. Most often, the relative states (not rates) of
proliferation and death are assessed. As illustrated in
Figure 1, the same net change in cell number can be
realized with markedly different rates of cell renewal.

In experiment 1, rates of mammary cell proliferation
at four stages of lactation were determined by injecting
the thymidine analog, BrdU, at 7.5-h intervals for 23
h and quantifying labeled cells by immunohistochemis-
try. Assuming the S-phase of the cell cycle is 7.5 h or
more, this injection protocol should label all cells that
synthesize DNA within the 24-h labeling period. This
seems a fair assumption because the duration of S-
phase in rodent mammary epithelial cells ranges from
8.2 to 14.1 h, depending upon physiological state (Ban-
erjee and Walker, 1967). Additionally, a 24-h labeling
period provides the means to obtain a reliable measure
of average proliferation rate even in the presence of an
underlying diurnal pattern of DNA synthesis, such as
that reported for rodent mammary gland (Borst and
Mahoney, 1980). Two additional methods for assessing
relative states of cell proliferation were employed in the
present study: in vitro incorporation of 3H-thymidine by

Figure 1. Rates of cell proliferation and cell death determine the
net gain or loss of cells and extent of cell renewal within the popula-
tion. Depicted is a population of cells undergoing net regression. Open
circles represent the initial populations of cells, new cells formed by
cell proliferation are depicted by cross-hatched circles, and cells that
die during this period are depicted by black circles. In both panels,
the net loss is identical because the difference between rates of cell
death and proliferation are one cell. However, cell renewal differs
markedly between panels. In the upper panel, the population of nine
cells contains four new cells. In the lower panel, the population of
nine cells contains one new cell.
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mammary tissue slices and histochemical quantifica-
tion of cells expressing the Ki-67 nuclear proliferation
antigen. The Ki-67 nuclear proliferation antigen is ex-
pressed during all phases of the cell cycle except G0,
and provides an estimate of the tissue growth fraction
(Gerdes et al., 1984, 1991). Although the function of
this conserved protein is unknown, it is tightly associ-
ated with chromatin, and correlates with the prolifera-
tive status of tissues under a variety of physiological
and pathological conditions (Gerdes et al., 1991; Saka-
guchi et al., 2000; Scholzen and Gerdes, 2000; Shayan
et al., 1999). Of the three methods used to assess cell
proliferation, only the BrdU labeling scheme as em-
ployed provides an estimate of the cellular prolifera-
tion rate.

The proliferative status of mammary tissue at four
stages of lactation is summarized in Figure 2. The three
methods of assessing the relative degree of cell prolifer-
ation were in general agreement. When rates of DNA
synthesis were assessed by incorporation of 3H-thymi-
dine, cell proliferation was lower (P < 0.05) during early
lactation (14 d) than during later stages of lactation.
Although the number of BrdU-labeled cells and Ki-67
expressing cells were not influenced by stage of lacta-
tion (P > 0.05), the arithmetic means were similarly
lower during early lactation than during later stages
of lactation. These data, in conjunction with a higher
apoptotic index during early lactation (Figure 3), sug-
gest that significant mammary growth does not extend
from pregnancy into early lactation, as occurs in a num-
ber of species (Anderson, 1974, 1975; Anderson et al.,
1981). Thus, the increase in milk production from par-
turition to peak lactation can be attributed to increased
synthetic capacity per cell (hypertrophy) rather than
increased cell proliferation (hyperplasia). The latter
conclusion is somewhat tentative because mammary
growth during lactation may have occurred before the
first sampling time, 14 d of lactation, in the current
study. On the other hand, some growth of caprine mam-
mary gland continues until 21 d of lactation.

The apparent lack of mammary growth during early
lactation in the present study does not preclude the
mammary gland’s ability to respond to different man-
agement conditions. For example, milking six times
daily during early lactation caused an increase in milk
yield that persisted after normal milking was resumed
(Bar-Peled et al., 1995). Although not demonstrated,
this carryover effect is consistent with stimulation of
mammary growth during early lactation. Finally, net
mammary growth can occur during lactation, as demon-
strated by the compensatory growth response to various
stimuli (Capuco and Akers, 1990; Knight and Peaker,
1984). Suckling and milk removal during early lactation
are major controlling factors of mammary cell number
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Figure 2. Mammary cell proliferation during lactation. Left panel: Incorporation of 3H-thymidine during a 2-h incubation of mammary
tissue slices. Right panel: Bromodeoxyuridine (black bars) and Ki-67 (gray bars) labeling index. Data are expressed as a percentage of total
cells. Each bar represents the mean ± SE for four to six cows. Within each category of assessing proliferation, means without a common
superscript differ (P < 0.05).

Figure 3. Mammary cell apoptotic index during lactation. Data
are expressed as a percentage of total cells. Each bar represents the
mean ± SE for four to six cows. Apoptotic index was greatest during
early lactation (P < 0.05), but did not vary after peak lactation.
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in rodents. It remains to be demonstrated whether simi-
lar mechanisms are operative in dairy cows.

Considerable mammary cell turnover occurred dur-
ing lactation, although the tissue was characterized by
low indices of BrdU labeling and apoptosis. Approxi-
mately 0.3% of total mammary cells proliferated within
a 24-h period, a proliferation rate that was unaffected
by stage of lactation (P > 0.05, Figure 2). On the other
hand, the apoptotic index was influenced by stage of
lactation (P < 0.05, Figure 3). At 14 d, the apoptotic
index was 0.27% of total cells, whereas for the remain-
der of lactation, it averaged 0.07% (P > 0.05). The
greater apoptotic index at 14 d of lactation likely reflects
an increase in apoptotic leukocytes in the mammary
gland and increased tissue edema that was evident at
this time. During early lactation, migration of leuko-
cytes into the mammary gland is enhanced, resulting
in increased concentrations in milk and in mammary
tissue (Concha, 1986; Sordillo et al., 1997). The high
proportion of apoptotic cells noted in the mammary
stroma at this time is consistent with an abundance of
apoptotic leukocytes in the stroma. Because morpholog-
ical features that distinguish cell types are typically
lost during advanced stages of apoptosis such as those
detected by the TUNEL, we cannot identify the cells in
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the mammary stroma that underwent apoptosis. We
suggest that the incidence of apoptosis among mam-
mary cells remains relatively constant during lactation,
and the increased incidence at 14 d was due to tissue
edema and increased apoptotic leukocytes. Although an
average apoptotic index of 0.07% provides an initial
impression that cell proliferation exceeds cell death, it
must be appreciated that this value is the proportion of
apoptotic cells at a given moment and not the apoptotic
rate. It has been estimated that the duration of
apoptosis is approximately 3 h (Bursch et al., 1990).
Therefore, the apoptotic rate can be estimated as being
0.56% of mammary cells per 24 h (0.07% × 24h/3h) and
clearly exceeds the measured proliferation rate of 0.3%
of mammary cells per 24 h. The net result is a gradual
loss of mammary cells during the course of lactation.

Another potential route for declining cell numbers
during lactation is the continuous loss of mammary
epithelial cells in milk. In the present experiment, milk
SCC averaged 52,000 cells/ml, and milk production av-
eraged 9920 kg for 240 d (calculated as 84% of 305-
d DHI milk yield; personal communication, Paul Van
Raden, USDA-ARS). Because epithelial cells account
for less than 20% of milk SCC (Miller et al., 1991) and
DNA content is 6 pg/cell, accumulative loss of mammary
DNA is less than 0.62 g by 240 d of lactation. This
accounts for only 1.6% of the net loss of mammary DNA
(38.3 g) by 240 d of lactation. Although clearance of
apoptotic cells from the mammary gland may involve
passage of phagocytes into the milk, removal of intact
viable mammary cells via the milk does not significantly
contribute to the declining number of mammary secre-
tory cells during lactation.

Despite the apparent low rate of mammary cell prolif-
eration, there is considerable cell turnover during a
bovine lactation. Applying the estimated apoptotic rate
of 0.56% and a proliferation rate of 0.3% per 24 h, curves
were generated for the accumulative cell loss, cell prolif-
eration, and net cell loss (Figure 4). The net change
in mammary cell number predicted from these fitted
curves agrees reasonably well with the observed data.
At 240 d of lactation, average mammary DNA was 58.1
g, and the predicted quantity was 53.3 g. At that time,
the total quantity of DNA lost by apoptosis was 92 g,
and the total DNA synthesized was 49.3 g. If none of the
cells that died by apoptosis were those that proliferated
during lactation, then 92% of the mammary cells re-
maining (49.3/53.3) at 240 d of lactation were formed
during lactation. If apoptotic cell death is random, then
turnover of mammary cells will be less than 92% but
certainly greater than 50%. The number of cells formed
during lactation is predicted to equal the number that
are present in the gland at 252 d of lactation (Figure 4).
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Figure 4. Mammary DNA (cell) turnover during lactation. The
proliferation rate was 0.003/d. The apoptotic index averaged 0.0007.
Assuming a 3-h duration of apoptosis, the apoptotic rate is 0.0056/
d. The accumulated synthesis of new DNA (formation of new cells)
is indicated by the dotted line and described by the function: accumu-

lated DNA gain = ∑
day

0

0.2892 ∗ 0.9974day. The accumulated loss of

DNA by apoptosis is indicated by the dashed-dotted line and described

by the function: accumulated DNA loss = ∑
day

0

0.5398 ∗ 0.9974day. Net

loss of DNA (difference between synthesis and loss) is shown by the
solid line and described by the equation: DNA = 96.4 ∗ 0.9974 day.

The extent of mammary cell turnover during a bovine
lactation differs markedly from that during a murine
lactation. In contrast to the extensive cell turnover dur-
ing a bovine lactation, approximately 75% of mammary
cells are maintained throughout an entire lactation in
rats (Pitkow et al., 1972). This lack of cell turnover may
be consistent with the decline in activity per mammary
secretory cell that occurs during lactation in rats but
not in dairy cows.

Our estimation of the extent of apoptosis during lac-
tation differs greatly from that of Wilde and colleagues
(Wilde et al., 1997). In their investigation, the apoptotic
index for mammary cells of Friesian-Holstein cows at
217 to 252 d of lactation averaged 2.4%. This value is
approximately 35-fold greater than the proportion of
apoptotic cells observed in the current study. Applying
our earlier assumptions about the duration of
apoptosis, this figure would equate to an apoptotic rate
of 19.2% per day. In the absence of a proportional in-
crease in proliferation rate (i.e., assuming the same
proliferation rate as determined in the current study),
this would result in a 97% decline in mammary cell
number within 2 wk. Clearly, this is incompatible with
maintenance of lactation. However, Wilde et al. (1997)
did not indicate the reproductive status of cows used
in their study. Because preliminary investigations (A.
V. Capuco, unpublished) suggest that pregnancy in-
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creases the rates of mammary cell apoptosis and prolif-
eration in lactating cows, a difference in pregnancy sta-
tus could account for the discrepancy between the two
studies. The influence of pregnancy on mammary cell
kinetics requires additional study.

After peak lactation, there was a decline in the num-
ber of mammary epithelial cells in the udder (Table 1).
Expressed as a percentage of total cells, the epithelial
compartment declined from 79% at 90 d to 73% at 240
d. This is consistent with previous data indicating that
around the time of calving, 83% of mammary cells were
epithelial, but during late lactation the percentage had
decreased to 74% (Capuco et al., 1997). Apparently,
because of the error inherent in quantifying very small
percentages of proliferating and apoptotic cells, we were
unable to subdivide the predictive equations in Figure
4 to adequately describe changes in the epithelial and
stromal compartments.

The influence of bST on the proliferative and apop-
totic status of cells within the lactating mammary gland
was also evaluated. Previous experiments had indi-
cated that bST increased the persistency of lactation
(Bauman et al., 1999; Van Amburgh et al., 1997). In
light of our current demonstration that the decrease in
milk yield with advancing lactation is due to a decline
in mammary cell number and not cellular activity, it
follows that this effect on persistency is due to mainte-
nance of the mammary cell population rather than

Figure 5. Effect of bST on mammary cell proliferation and apoptosis. Six cows were fed ad libitum (Ad lib) and six cows were restricted
to 80% of their ad libitum intake (Restr). Values shown are for the control period (black bar) and bST treatment period (gray bar) for each
dietary group and the overall effect (12 cows). Left panel Ki-67 labeling index, expressed as a percentage of total cells. Right panel: apoptotic
index, expressed as a percentage of total cells. Each bar represents the mean ± SE for six cows per dietary group and 12 cows for overall
effect. Within a dietary category, means without a common superscript differ (P < 0.05). Effect of diet on Ki-67 expression was significant
(P < 0.05). Neither diet nor bST altered the apoptotic index (P > 0.05).
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maintenance of cellular secretory rate. Indeed, bST ap-
pears to maintain cell number in lactating caprine
mammary gland (Knight et al., 1990). In experiment
2, the nuclear proliferation antigen Ki-67 was used as
an index for the relative proliferation state of mammary
tissue. The Ki-67 protein serves as a marker for cells
that are engaged in cell cycle progression, due to its
presence during all phases of the cell cycle except the
quiescent G0 phase (Gerdes et al., 1984). This protein
correlates with cellular proliferation under a variety of
physiological conditions in human, rodent, and bovine
tissues (Scholzen and Gerdes, 2000; Shayan et al.,
1999). Although the precise function of the Ki-67 pro-
tein is unknown, it is a member of the family of MPM-
2 reactive phosphoproteins that are necessary for con-
trol of mitosis, and it is phosphorylated by the cdc2
kinase that is regulated by cyclin B (Endl and Gerdes,
2000a, 2000b). Treatment of first-lactation dairy cows
with bST for 7 d increased the proportion of cells ex-
pressing the nuclear proliferation antigen threefold
(Figure 5; P < 0.05). The effect of bST was evident when
cows were fed ad libitum (2.5 vs. 0.7%; P < 0.01), or
when they were restricted to 80% of ad libitum intake
(0.8 vs. 0.3%; P < 0.05). Cows with limited feed consump-
tion had a lower percentage of mammary cells express-
ing Ki-67 than did those that were fed ad libitum (1.6
vs. 0.5%; P < 0.05). These data strongly support the
hypothesis that bST increases cellular proliferation in
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the bovine mammary gland and that mammary cell
proliferation is blunted by reduced energy balance. Ad-
ditionally, these data suggest that the tendency for
lower mammary cell proliferation during early lactation
(14 d) than after peak lactation in experiment 1 may
have been due to the influence of reduced energy bal-
ance during early lactation.

Although treatment of lactating cows with bST in
the present study apparently increased mammary cell
proliferation, previous investigations have indicated
that bST administration does not result in net growth
of the lactating bovine mammary gland (Binelli et al.,
1995; Capuco et al., 1989). These previous results do
not infer that bST does not increase in the rate of cell
proliferation, simply that the rate of cell proliferation
does not exceed the rate of cell death. In experiment 2,
treatment with bST did not alter apoptotic frequency
(Figure 5; P > 0.05), and we did not assess true rates
of proliferation. We suggest that treatment with bST
increased the rate of mammary cell proliferation and
in so doing, reduced the rate of mammary regression
during lactation.

CONCLUSION

During early lactation, milk secretion increases to
peak due to the continued differentiation of mammary
secretory cells and increased secretory activity per cell
in the absence of net mammary growth. After peak
lactation, the mammary gland undergoes gradual re-
gression through the process of apoptotic cell death.
Although cell death exceeds cell proliferation, consider-
able turnover of mammary cells occurs during lactation.
During the course of a bovine lactation, the number
of cells formed is approximately 50% of the number
originally present in the mammary gland. Conse-
quently, nearly all cells present in the mammary gland
at the end of lactation were formed after calving. In
contrast, there is very little cell renewal during the
shorter lactation of rats. Administration of bST during
midlactation increases mammary cell proliferation
without a significant effect on apoptosis and thus may
account for the ability of bST to increase the persistency
of lactation. Schemes that will increase mammary cell
proliferation or decrease apoptotic death during lacta-
tion will enhance the persistency of lactation. Research
focused on the regulation of cell proliferation and
apoptosis during lactation will provide information nec-
essary to accomplish this goal.
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